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RESEARCH MEMORANDUM

THE EFFECT OF VARIOUS MISSILE CHARACTERISTICS
ON ATRFRAME FREQUENCY RESPONSE

By Howard F. Matthews and Walter E. McNeill
SUMMARY .

The fregquency response of two lmportant airframe characteristics
were calculated for a cruciform, varieble-incidence, air-to-air missile.
Plots of amplitude ratio and phase angle as & function of angular
frequency are presented to show the effects of the importance, accuracy,
and the nonlinearity of certain serodynamic derivatives, altitude and
Mech nunber variation, and seroelasticity. Altitude changes were found
to have predominantly the greatest effect on the frequency response,
while possible errors in the evaluation of the significant aerodynamic
derivatives resulted in the least change.

INTRODUCTION '

As is well known, the response of a misslle to control motions
depends on the mass characteristics, the flight altitude and speed, and
the magnitude of the aerodynamic derivatives. As is well known, & number
of these derivatives cannot be estimated with the desired accuracy.

In sddition, certain aerodynamic charecteristics may not be linear, the
missile may be subject to aercelastic effects, and the missile may be
required to operate over wide ranges of altitude and Mach number. It is
the purpose of this paper to present and compare the effects of a number
of these factors on several of the more important airframe-response )
characteristics. It was believed that such an investigation would give
a better understanding of the problems of designers who must try to cope
with these changes in one manner or another to obtain a satisfactory
system response over the missile operating range. Since.these changes
appear to be particularly severe for a maneuvering type of missile, the
typical short-range, alr-to-air, boost-glide missile shown in figure 1
has been selected as an example, and the results which are presented are
baged on the mass and moment of inertia being assumed constant.
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THE FREQUENCY RESPONSE

The study is confined to longitudinal motion, and the airframe
characteristics selected for scrutiny are shown in figure 2 and are the
rate of change of the pitch angle 6 and the rate of change of the
flight-path angle 7 in response to a control deflection d. If a
sine wave motion of the control is applied at a number of discrete
frequencies, the relationship between the steady sinuscidal motion of
the output such as the rates of change of 6 and 7 +to the input is
termed the frequency response. The_frequepey response is particularly
useful in the design of the guidance and stabilization system, and
therefore this form will be used in presenting the results. The
location of the quantities é/& and &/8 in a portion of a typical
guidance and stabilization system is shown in block~-disgram form in
figure 3. The quantity /8 was choegen because of its importance in
the staebilization of the missile, while 7/8 1s a particularly sig-
nificant relationship in the guidance loop of a proportional-
navigation guldance system.

FREQUENCY-RESPONSE PLOTS : -

Relative Importance of the Aerodynamic. Derivatives

First the relative importance of the aserodynemic derivatives on the
frequency response is considered. Figure 4 shows the system of axes,
the three equations of motion for constant thrust, and the derivatives
used in these equations. The large number of the derivatives and the
relative accuracy with which some of them can be evaluated leads to two
questions; Tirst, which derivatives have s significant effect on the
results and, second, to what accuracy must the important derivatives be
estimated to insure an adequate approximation of the frequency response.
To study this, the general expressions relating the quantities of inter-
est were derived from the equations of motion in the usual manner. The
frequency responses of 9/5 and 7/5 then were computed from these
expressions for the mean flight condition of a Mach number of 2, an
altitude of 30,000 feet, and a static margin of 25 percent of the mean
aerodynamic chord of the isolated wing. The values of the derivatlves
for these computations and others given subsequently were obtained or
extrapolated from avallsble wind-tunnel data (references 1 and 2) or
from theory (references 3, 4, and 5). These derivatives were assumed to
be unaffected by frequency. The results of these computations are
plotted in figure 5 in the usual form of curves of amplitude ratio and
phage angle as functions of angulaer frequency. The solid curves are the
results obtained by using all twenty derivatlves. The dashed curves
summsrize the results of neglecting varlous derivatives or portions of
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a derivative until only the six indicated in the key remained. Since the .
difference between the two curves is slmost indistinguishasble, the six
derivatives can be used to compute the frequency response adequately.

A further reduction in their number cannot be made without a significant
change in the dashed curves. The results for this example are also con-
gistent with the simplification often employed in dynamic analyses in
vwhich only these same derivatives are used. A similar analysis was also
made for a static margin of 5 percent with the same results.

Figure 6 ig presented to illustratée the simplification in the
frequency-response computations which results from a consideration of
only the six important derivatives. In the figure are given the general )
differential equations relating the pitching velocity and the rate of ' o
change of the flight path to the control deflection when all the - .o
derivatives are considered and the complete expressions for the coeffi-
cients of the equations. The boxes enclose those terms composed of the
six important derivatives, either singly or in combination, and the use- -
of only those coefficients that are in boxes reduces the order of the : :
polynomiales in the general equations to a maximum of two. The resulting
reduction in the complexity of the equations and the coefficients is
ghown in figure 7 in which the equations are written in & more funda-
mental form.

It must be realized that such simplifications must be applied with
caution. Derivatives which may be unimportant under certain flight con-
ditions mey be significant for others. For example, one such case
occurred in the present study where it was observed that the 1ift and
pitching~-moment coefficients per rate of change of control motion, that
is, CLé and Cmg: may have some signiflcance at a lower Mach number

where the effect of the downwash lag on the tail is increased. Computa-
tions, therefore, were made at a Mach number of 1.2 at 30,000 feet and
the results are shown in figure 8. The solid lines represent the results
of using only the simplified egquations with the six important deriva-
tives, whereas the dashed lines include the effect of the derivatives

CL5 and CmS' It appears that even at this Mach number the influence of

CLS and Cm8 is small, except for the noticesble change in the phase
angle of 7/8 at the higher frequencies.

It is conceivable that marked changes in configurstion would adjust
the relative importance of the derivatives. However, an examination of
the derivatives for & canard and a tail-control configuration indlcated
that the results are similar to those of the varigble-incidence missile
except that the 1ift derivative Crgy is of decreased importence.
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The next question of interest concerns the effect on the frequency

response of possible errors in evaluating the six significant derivatives.

In studying these effects it was assumed that the 1lift derivatives could
be evaluated to within 5 percent, the static-moment derivatives to

15 percent, and the rotary derivatives to within 20 percent. In

figure 9 are shown the results of the computations of the frequency
response. The s0lid line i1s identical to that given previously for a
Mach number of 2 at 30,000 feet for a static margin of 25 percent and it
was presumed that the derivatives were exact. The lowest broken line
(lowest at the lower frequencies) labeled "accumulated error" was com-
puted by using the possible errors in the derivatives in such a manner as
to give the largest.decrease in the amplitude ratio at zerc frequency,
henceforth referred to as the gearing, and the highest peak-amplitude
ratio in relation to the steady-state value. The other broken curve is
the result of using these errors conversely so that these two curves
closely represent the limits in the variation in the frequency response
due to the assumed possible inaccuracy of the derivatives. As can be
seen the variation may be significant, amounting to, for exaiple, a -
change in the gearing by as much as 28 percent. However, as is sghown
subsequently, other possible parameter variations have congldersbly

. reater effect.

Altitude and Mech Number ) ) _

It is of interest to examine the changes in the frequency response
which will be encountered due to variations in Mach number and altitude
since a missile will normally be called upon to operate satisfactorily
over relastively large ranges of these quantities. To determine thelr
effect a Mach number raenge of 1.2 to 2.5 and & pressure-altitude range ~
of 5,000 to 50,000 feet were selected as belng representative limits of
operation. The amplitude ratios and phase plots for these conditions
are shown.in figures 10 and 11. The effects are 1arge, particularly
that due to altitude. For example, for 6/5- the altitude change from
5,000 to 50,000 feet may change -the gearing by a factor of 6-1/2, the
frequency at the peak-amplitude ratio by almost 3, and the ratio of the
peak amplitude to the steady-state value by as much as 5-1/2. In con-
trast, the Mach number effecte are less than 2 for each of these compar-
isons. However, both of these-effects are of a much greater magnitude
than that due to inaccuracy in derivative evalustion.
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Nonlinearities

Recent theoretical and experimentel work has indicated that non-
linearities occur, particularly in the moment chdracteristics, due to
the reletive motion of the tail with respect to the vortices of the o )
forward lifting surfaces. These nonlinearities are undesirsble L.
primerily because of the variations they introduce in the frequency
response. Since their effect is greatest at a low Mach number and a high
altitude where the largest angle-of-sttack and control-deflection vari- S
ation occurs, the assumed typicel nonlinear pitching-moment character- ' o
istics at the lowest Mach number of 1.2 as shown in figure 12 were '
selected for examination. The trim points for zero 1lift.and the T
assumed meximum allowaeble g at 50,000 feet are noted in the figure. ~ =~ 7=
If these are taken to be the limiting operating conditions of the o
missile, the maximum change in the freguency response due to the non-
linearity is closely given by using in the computations the slopes of
the pitching-moment curves at these points. The effect on the fre- )
quency response of such variations in the statlc stability end control ol
moment effectiveness is shown in figure 13. The change in the gearing ] B
at this flight condition is sbout 2-1/2 times the effect of Mach number T
Por the linesr case but only sbout half the variation introduced by ' .-
altitude changes. The change in pesk value relative to the steady-state
amplitude ratio, however, ig less than twice, and the frequency change
is only slightly greater than that due to Mach number.

As mentioned previously, these results represent the most severe
effect of nonlinearities. At other conditions of flight these effects
are reduced because of the decreased sngle-of-attack and control-
deflectlion range.

Aerocelasticity

Since a premium is placed on weight in the design of a missile and
the missile may be operated at extremely high dynamic pregsure during a
portion of .its tlight, the possibility of aerocelastic effects should be
scrutinized. Theoretically, aeroelasticity introduces additional
degrees of freedom to the equations of motion of the missile. However,
if the natural frequency at zero airspeed of the missile components,
such as the wing or tail, is many times that of the rigid-missile _
short-period natural frequency, the dynamics of the components will have
1ittle effect on the motions of the miesile so that aeroelasticity
effects may be treated as modifications to the usual significant static _
and rotary derivetives. To determine whether this may be the case for _
this missile, computations were made at the highest dynamic pressure .

’
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congidering the migsile materisl to be duralumin., These computations
indicated that the ratios of the natural frequencies of the components
at zero airspeed to the short-period natural frequency of the rigid
missile are approximately 25 each for the wing and body and 17 for the
tail. This result may be indicative of the characteristics of most
meneuvering-type missiles which normally employ low-aspect-ratio
surfaces.

The effect of aercelasticity, therefore, was computed for all four
flight conditions neglecting the dynamics of the wing, tall, and body,
and the resulits are presented in figures 14 and 15. It is seen that
aeroelasticity tends to narrow the differences in the natural frequency.
This is & favorable. effect. However, the ditferences in the gearing
are increased, which is unfavorasble. This can be traced to the
influence of the flexibility of the tail., For the .condition of the
highest dynamic pressure (M = 2.5 at an altitude of 5,000 ft) the
changes to the frequency response due to seroelasticity are somewhat
less than those of the assumed nonlineerity at M = 1.2 and an altitude
of 50,000 feet.

CONCLUSIONS ' -

To conclude, the study of the effect of various factors on the
frequency response of two important serodynamic functions for the
example variable-incidence supersonic missile may be summarized as
follows: :

1. The most significant serodynamic parameters are the 1lift
derivatives Cr, and Cry, the static-stability derivative Cm,, the

control-moment effectiveness derivative Cma, and the damping deriva-

tives Cmé and- C_+. The 1ift and moment derivatives due to the rate of

g

change of control deflection Crg and Cm5 mey bave a significant effect.

on the phase of $/&..at low Mach numbers and high frequencies.

2. The effects of altitude on the frequency response are large,
with Mach number changes resulting in'a considerably smaller effect and
both of these being much greater than that due to possible errors in the
evaluation of the derivatives.

3. The greatest effect on the frequency response of the assumed
nonlinearity in the pitching-moment coefficient with angle of attack and
control deflection variled from being slightly greater to 2-1/2 times the
effect of Mach number, depending on the frequency-response characteristic
being compared.
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4. The additional degrees of freedom due to aeroelasticity of com-
ponents of the missile may normally be neglected and the serocelastic
effects taken into account hy modifying the static and rotary deriva-
tives. TFor the conditions considered, the greatest effect of aero-
elasticity was somewhat less than that of the assumed nonlinearity.

It also sppears that aeroelasticity may be used to narrow variations of
certain fundamental characteristics in the frequency response.

Ames Aeronautical Iaboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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Figure 1.- Varisble-incidence cruciform missile.
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|
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Figure 2.- Schemgtic diagram showing varisbles involved in missile motion.
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Figure 3.~ Block diagram showing location of 3 and %.
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Figure 4.- Longitudinal equations of motion (constant thrust).
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Figure 10.- Effect of altitude, M = 1.2.
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Figure 11.- Effect of altitude, M = 2.5.
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Figure 12.- Nonlinear veriation of missile pitching moment with
' angle of attack, M = 1.2.
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Figure 13.- Effect of nonlinear varistion of pitching moment with angle
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Figure 14.- Effect of aeroelasticity, M = 1.2.
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Figure 15.~- Effect of aeroelasticity, M = 2.5.
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